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It has been known for some time that compact stars containing quark matter can masquerade as
neutron stars in the range of measured mass and radius, making it difficult to draw firm conclusions
on the phases of matter present inside the star. Using the vector-enhanced Bag model (vBag),
we examine mass-radius and mass-compactness relations with Maxwell and Gibbs construction for
hybrid stars with transitions from nuclear matter to two or three-flavor quark matter, including
sequential transitions. Not only can stable hybrid stars with either two or three flavor quark matter
mimic neutron stars (the traditional masquerade), it appears as well difficult to distinguish two-
flavor from three-flavor quark matter even in cases where a phase transition can be said to have
occurred, as in the presence of a distinct kink in the mass-radius relation. Furthermore, allowing
for sequential flavor transitions, we find that the transition into an unstable branch can be caused
by either a transition from a nuclear to unstable quark matter or the sequential transition from
nuclear to stable but “masquerading” two-flavor to unstable three-flavor quark matter. Addressing
chiral restoration as well as quark deconfinement in a model of the phase transition, as the vBag
does, adds further flexibility to the high-density equation of state, motivating caution in using even
high-precision M -R data to draw firm conclusions on the nature of phases and phase transitions in
neutron stars.
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I. INTRODUCTION
One of the reasons to study compact stars, comprising
the neutron, quark or hybrid class, is to understand the
state of strongly interacting matter at extreme density.
Novel phases of matter are conjectured to occur inside
compact stars [1–3], but as yet there is no conclusive ob-
servational evidence of any phase that is fundamentally
different from hadronic matter. Recently, the Advanced
LIGO and Advanced VIRGO collaborations observed the
binary neutron star merger event GW170817 [4], which
focused attention on using tidal polarizabilities to con-
strain the equation of state (EoS) [5–13]. It appears pos-
sible, though not conclusive, that one or both compo-
nent stars in the merger could support a phase transition
to quark matter at high density [13–15]. The so-called
“masquerade” problem [16] remains: a hybrid star with
quark matter in its interior cannot be easily distinguished
from an ordinary neutron star based on the current ob-
servational status of masses and radii, even more so if
quark matter is in a mixed phase.
In this paper, we revisit the masquerade problem, and
extend it to the flavor sector of quark matter by consid-
ering phase transitions from nuclear to two-flavor (2f) or
three-flavor (3f) matter, as well as a sequential appear-
ance of the light and strange quarks that is suggested by
various QCD-inspired models [17, 18]. A recent work [19]
investigated sequential transitions using the generic CSS
parameterization [20, 21] and concluded that twin or even
triplet hybrid configurations can exist (a fourth family
of compact stars), with similar mass but different radii.
In this work, we use a specific model inspired by non-
perturbative features of QCD, the vBag model [22] and
find that the parameter range allows for similar mass-
radius (M -R) relations for stars with phase transitions
to two or three flavors. We term this the “flavor camou-
flage” problem, since it has some features different from
the classical masquerade problem which is the mimicry
of M -R relations for the nuclear and mixed phase. In
particular, the sequential transition from two to three
flavor matter can lead to an unstable hybrid branch, ir-
respective of the type of construction in the crossover
region (Maxwell or Gibbs). This can mimic first order
transitions to two or three flavor matter that also gen-
erate an unstable branch [20]. Essentially, quark mat-
ter in its various incarnations might be very effectively
camouflaged in the normal neutron star branch, so other
than precise observations of dramatically small radii (eg.
R ≤ 9.5km [23] or a radius “gap” of about 3km [24]),
there is no smoking gun for phase transitions to quark
matter in the M -R behavior. We identify somewhat
more pronounced differences in the mass-compactness
curve (M -C) for the two and three-flavor case in the
Maxwell/Gibbs scenario but the main conclusion is that
very precise M -R or M -C data is still required to resolve
either the masquerade or the flavor camouflage problem.
Certainly, given the current state of knowledge of dense
quark matter from effective theories, it would be prema-
ture to conclude even from high-precision mass and ra-
dius numbers that are neutron-star like, whether a phase
transition is supported or not.
This paper is organized as follows: section II describes
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2the nuclear and quark matter equations of state we apply,
where we put explicit focus on the vBag EoS, as the
conclusions of this paper are based on the variable range
of those EoS parameters. Section III serves to briefly
review Maxwell- and Gibbs-type phase transitions, that
is, first order phase transitions in neutron star matter
under local and global conservation of electric charge. In
Section IV we discuss a number of different scenarios for
the mass-radius relation of hybrid stars with a summary
of our conclusions in Section V.
II. NUCLEAR AND QUARK MATTER MODEL
EQUATIONS OF STATE
Nuclear Matter
A common approximation for the energy per particle
in bulk matter is given by the parabolic expansion
E(n, x) = E(n, x =
1
2
) + S(n)(1− 2x)2, (1)
where x is the proton fraction, E(n, x = 12 ) is the energy
per particle of symmetric nuclear matter, and S(n) is the
nuclear symmetry energy. For the purpose of our paper
- to study possibilities to camouflage hybrid stars - the
specific choice of a nuclear equation of state is not our
main concern. We apply the SL model [25, 26] for which
the total energy per particle of symmetric nuclear matter
is defined as
E(n, x =
1
2
) =
3
5
E
(0)
F n0u
5
3 + V (u), (2)
where E
(0)
F is the Fermi energy of nuclear matter at the
equilibrium density and u = n/n0 with n0 denoting equi-
librium nuclear matter density. The potential contribu-
tion is parameterized as
V (u) =
1
2
An0u
2 +
Bn0u
δ+1
1 +B′uδ−1
+n0u
2
∑
i=1,2
Ci[1− 3
5
u2/3
R2i
],
(3)
where Ri = Λi/~k(0)F , k
(0)
F is the Fermi momentum of nu-
clear matter at saturation and Λi is a finite-range force
parameter. To separate the kinetic and potential contri-
butions to the symmetry energy, we write
S(n) = (22/3 − 1)3
5
E
(0)
F [u
2/3 − F (u)] + S0F (u), (4)
where S0 = 30 MeV and F (u) defines the potential con-
tributions to the symmetry energy and F (1) = 1. Table 1
offers three parameterizations where the potential part of
the symmetry energy varies approximately as
√
u, u and
2u2/(1 + u), respectively. The parameters A, B, δ, C1,
C2, and B
′ are determined from constraints provided by
the empirical properties of symmetric nuclear matter at
saturation density n0 = 0.16fm
−3. For this work SL23
was chosen as the nuclear EoS.
EoS K0 A B B’ δ C1 C2
SL13 120 3.706 -31.155 0 0.453 -41.28 43
SL23 180 159.47 -109.04 0 0.844 -41.28 43
SL33 240 204.01 72.704 0.3 1.235 -41.28 43
TABLE I. The notations SLn1n2 is used to denote different
EoS; n1 = 1, 2, 3 indexes increasing values of the incompress-
ibility K0, and n2 = 1, 2, 3 indicate, respectively, a
√
u, u and
2u2/(1 + u) dependence of the nuclear symmetry potential
energy F (u) on the density (see text above).
Quark Matter - Extended Bag Model with Vector
Interactions
None of the currently available QM EoS is obtained
from first principle QCD-based calculations. QCD is in-
herently complicated and this holds even more under the
conditions in a compact star’s core : large chemical po-
tentials µB > mn and comparably small temperatures,
T/µB ≈ 0. A number of quark matter model EoS have
been developed to account for key phenomena of QCD
which usually means deconfinement and the restoration
of chiral symmetry at high density. While the effect of
chiral symmetry restoration is tied to the dressed quark
mass which approaches the bare quark mass at suffi-
ciently high density, the actual mechanism behind con-
finement and deconfinement in dense and cold nuclear
matter is not well-understood. There are several models
of confinement applied to compact star structure [27, 28]
but they are not based on an unambiguous order param-
eter for deconfinement. A consistent equation of state for
the two phases, nuclear and quark matter, that is derived
from QCD, does not exist and so the standard approach
is to have separate phenomenological descriptions of the
two. Typically, one would account for confined and de-
confined matter with two different model EoS, naturally
understood as the nuclear EoS and quark matter EoS.
For the quark matter branch, chiral symmetry restora-
tion is either dynamically modeled or quarks enter the
model as bare quarks. Prominent examples of the first
class are all kinds of Nambu-Jona-Lasinio (NJL) models
where contact-interaction terms in the scalar channel re-
sult in chiral symmetry breaking approximately at quark
chemical potentials smaller than the dressed quark mass
in vacuum. The thermodynamic Bag model stands for
the second type of EoS and is a limiting case of the well
known MIT-Bag model which had been developed to de-
scribe confined hadrons.
For the purpose of our study we will use the vBag
model [22]. It has been introduced to consolidate a num-
ber of seemingly discrepancies between the NJL and Bag
model. In the thermodynamic bag model, pressure and
energy density of quark matter are given by free Fermi
gas expressions and an additional phenomenological bag
constant (which has been originally adjusted to repro-
3duce hadron masses),
PBag =
∑
f=u,d,s
PFG,f (µf ,mf )−B (5)
εBag =
∑
f=u,d,s
εFG,f (µf ,mf ) +B (6)
Unlike for NJL models, there is no chiral symmetry
breaking; mf is the bare mass of each individual flavor.
Subtracting the positive definite bag constant implies a
threshold chemical potential for quark matter at which
the pressure turns positive and therefore gives a physi-
cally meaningful description of deconfined quark matter.
It should be noted that B is flavor blind, viz. the model
activates all light flavors including the strange quark at
once if B is sufficiently large. For NJL models, contact in-
teractions in the scalar channel result in positive pressure
as soon as chiral symmetry restoration sets in. The pres-
sure in the chirally broken phase is zero. While this be-
havior seems similar in the chirally restored phase, there
is one major difference, which is the flavor dependence of
the effect, viz. dependent on the bare quark mass, chiral
symmetry is restored at different quark chemical poten-
tials for each individual quark flavor. In [22] it has been
illustrated that the ideal gas approximation in combina-
tion with a bag constant is still a reasonable approxima-
tion of NJL model results in the chirally restored phase.
To ensure agreement with NJL model results, one intro-
duces a chiral bag constant for each flavor independently.
The existence of a Bag like term in NJL model EoS is re-
lated to the existence of a scalar vacuum condensate; the
melting of this condensate is the key mechanism to de-
scribe chiral symmetry breaking.
A further difference between the thermodynamic Bag
and NJL type models is the lack of vector repulsion
in the thermodynamic Bag model. This results in a
rather soft equation of state which consequently could
not account for the existence of massive neutron stars
with quark matter core. However, this problem can be
overcome by accounting for perturbative αs corrections
which reduce the pressure at given chemical potential.
As noted in [29], the size of the perturbation parame-
ter is not small enough to safely assume correctness of
this approach which after all is not that surprising in a
transition domain which is expected to be strongly influ-
enced by non-perturbative effects. In NJL type models,
scalar and vector interactions both appear on an equal
footing, which can be understood if one traces these inter-
actions back to the underlying quark-gluon interaction.
The vBag model is a hybrid approach which accounts for
scalar interactions and hence chiral symmetry breaking
in a slightly simplified, bag model like, way, viz. by as-
suming bare quark masses and flavor dependent chiral
bag constants to reproduce the proper critical chemical
potential for each flavor’s chiral transition. Vector in-
teractions are taken into account non-perturbatively and
in full analogy to the NJL model. This results in the
following expression for the pressure of a single flavor:
PvBag,f = PFG,f (µ
∗
f ) +
Kv
2
n2FG,f (µ
∗
f )−Bχ,f , (7)
where the second term results from vector interactions
at given coupling constant Kv. As in the NJL model,
the effective flavor chemical potential µ∗f has to be de-
termined self-consistently at given bare flavor chemical
potential µ∗f ,
µf = µ
∗
f +KvnFG,f (µ
∗
f ). (8)
At large densities, all flavors are activated. One would
assume that Bχ =
∑
f Bχ,f would reproduce the bag
model bag constant. However, the NJL model is known
to predict a larger bag constant than the bag model. This
problem resolves itself if one recalls that the bag model is
adjusted to reproduce the masses of hadrons, that is con-
fined objects, while the original NJL model approach has
no built-in confinement. If confined quarks are energeti-
cally favorable, the bound state energy should be lowered
and hence the effective bag constant smaller than the bag
constant of a model without inherent confinement. vBag
accounts for this reduction by introducing a confinement
bag constant Bdc which is added to the total pressure and
consequently subtracted from the total energy density,
PvBag =
∑
f
PvBag,f +Bdc . (9)
Interestingly, in this way, the vBag approach to account
for chiral symmetry restoration elucidates that the MIT
bag model’s “bag” represents to a large extent the scalar
condensate while a confining background term reduces
the energy content,
BMIT =
∑
f
Bχ,f −Bdc. (10)
For the purpose of this work we introduce a two-flavor
and a three-flavor version of vBag, where
P 2fvBag =
∑
f=u,d
PvBag,f +Bdc , (11)
and
P 3fvBag = P
2f
vBag + PvBag,s. (12)
Underlying this notation is the idea that the dressed
quark mass of strange quarks is larger than that of the
lighter up and down quarks and therefore the chiral tran-
sition can take place at a larger chemical potential, spec-
ified by the condition
PvBag,s(µ
∗
s,crit) = 0, (13)
as explained earlier. The most extreme scenario we con-
sider is the bag model limit, Bχ,s = 0 which allows for
4the instant appearance of three-flavor matter under the
condition that P 2fvBag = 0 at non-zero chiral bag constant
and deconfinement bag constant for light quarks. Since
we perform a parameter study which looks for qualita-
tive effects rather than final quantitative results, we will
further refer to an effective two flavor bag constant,
B2feff = Bχ,u +Bχ,d −Bdc. (14)
Although the chiral bag constant fixes the chiral transi-
tion density in two flavor matter, adding the deconfine-
ment bag constant ensures that the actual phase tran-
sition happens at the same chemical potential. For this
parametric study only the total effect matters, which is
quantified by B2feff .
III. PHASE TRANSITIONS
Before we apply the model to hybrid stars, let us review
the standard lore of phase transitions in the context of
compact stars. Matter in neutron stars is charge neutral
and β-equilibrated. The latter, at low temperatures, re-
lates the chemical potentials in nuclear and quark matter
as
µn = µp + µe, (15)
µd = µu + µe, (16)
µs = µd. (17)
Together with the charge neutrality conditions in each
phase, ∑
i=n,p,e
Qini = 0 and
∑
i=u,d,s,e
Qini = 0 (18)
it is evident that one chemical potential is sufficient to
characterize the individual thermodynamic state of nu-
clear and quark matter if no phase transition is assumed.
To compare both phases one chooses the baryochemical
potential µB which relates to the conserved baryon num-
ber and reads as
µB = µn and µB = 2µd + µu (19)
respectively. If both phases are independent the phase
with the higher pressure minimizes the thermodynamical
potential and is therefore energetically favorable. Con-
sequently, a phase transition will occur if nuclear and
quark matter have equal pressure at equal baryochemi-
cal potential,
PH(µB,crit) = P
Q(µB,crit). (20)
At µB,crit both pressures have different slopes and, as the
transition follows the higher pressure, the baryon density
will show a discontinuity, typical for first order Maxwell
phase transitions.
However, this picture of “one phase or the other” is not
the only possibility. As an alternative, one can assume
that both phases can mix. If this is the case the equi-
librium conditions remain but charge neutrality holds
over both phases. Since it is not “one or the other” the
available volume has to be split between the two phases
with each phase contributing with corresponding fraction
η = VQ/(VQ + VH) and 1 − η = VH/(VQ + VH) respec-
tively, to the total charge density,
(1− η)
∑
i=n,p,e
Qini + η
∑
i=u,d,s,e
Qini = 0. (21)
Note that the electron appears in both phases and con-
sequently contributes fully and independently of the vol-
ume fraction, (1− η)ne + ηne = ne. Similarly as before,
the transition takes place if both phases have the same
pressure
PH(µB,crit) = P
Q(µB,crit) . (22)
However, all other quantities contribute according to
their volume fraction, e.g., the total energy density reads
ε = (1− η)εH + ηεQ. (23)
This scenario for a phase transition is well known and
often referred to as the “Gibbs”- or “Glendenning”-
construction. The physical manifestation of this ap-
proach looks quite different to the Maxwell transition.
There is a transition regime
[
µIB,crit, µ
II
B,crit
]
in which the
quark volume fraction will grow from zero to one, and due
to the smooth transition the sudden jump of density that
is typical for the Maxwell transition at the critical pres-
sure is now replaced by a different behavior as the density
increases smoothly and a discontinuity is observed only
for higher derivative terms.
IV. RESULTS
We now present the consequences of our model for the
structure of compact stars. The idea that quark stars
can have a mass radius relationship very similar to that
of pure neutron stars is not that new and often referred
to as the masquerade problem following the work in [16].
Essentially any hybrid EoS constructed from two model
EoS with similar slope in the transition domain will have
a small latent heat and show a rather smooth transition
from one phase into the other. This does not only hold
for the transition from nuclear to quark matter but can
affect other exotic states of matter in the same way. For
instance, it is not clear to what extend the core of a mas-
sive neutron star carries hyperons. We do not aim to
answer this question but want to mention that if hyper-
ons appear they do so smoothly and would not show a
distinct impact on the mass radius relationship in form
of a “kink” or other discontinuous behavior.
5For this work, our nuclear model EoS serves as a
generic nuclear EoS and could be replaced by other model
EoS for nuclear or hyperonic matter without altering the
main results of this work which we illustrate in the fol-
lowing.
Nuclear Matter Masquerade
of 2f and 3f Quark Matter
As discussed in [16] and subsequent works, we note the
possibility that hybrid stars can reach and exceed a mass
of two solar masses and that the M -R relationship may
show no evident sign of a phase transition. We want to
emphasize that despite the similarity to the thermody-
namical bag model, the necessary stiffness of the vBag
EoS does not arise from perturbative corrections but
solely from the non-perturbative treatment of the quark-
gluon interaction in the vector channel. The correction
terms due to vector interaction are proportional to the
square of the particle number density, which is quali-
tatively similar to the results one obtains in relativistic
mean field models for nuclear matter. It is therefore not
too surprising that one can find parameterizations which
generate quark matter EoS which are nearly indistin-
guishable from purely nuclear EoS and consequently have
very similar mass radius relationships. We illustrate this
in Fig.1, where we chose vBag parameterizations which
result in mass radius relationships nearly reproducing the
purely nuclear EoS results (top panel) up to and beyond
two solar masses. As the main purpose of this plot is to
provide an example for a nearly perfect masquerade, we
chose different parameterizations for Maxwell and Gibbs
construction (otherwise the Gibbs construction would re-
sult in an earlier onset of the mixed phase and can look
quite different from the hybrid EoS with Maxwell con-
struction). Visible differences between the three scenar-
ios - nuclear, 2f-Maxwell, 2f-Gibbs - occur at masses be-
yond 2 Msun. There is no distinct change in the ap-
pearance of the M -R curve which would visibly indicate
a phase transition. For a more detailed illustration we
plot the mass as a function of compactness C = M/R in
order to ’uncurl’ the M -R plot (middle panel). Notice
that a similar effect could be achieved by plotting the
neutron star mass as function of the gravitational red-
shift z instead. Unlike for M -R curves the M -C plot
apparently provides a bijective mapping up to the max-
imum mass and therefore enables us to obtain a smooth
derivative of the mass with respect to compactness in
order to look for more subtle changes (bottom panel).
The Maxwell construction leaves an imprint slightly be-
low C = 0.2 Msun/km.
Nevertheless this imprint is small and it would require
very precise M -R measurements in order to resolve it.
In case of the Gibbs transition we notice a visible dif-
ference to the purely nuclear case. It seems extremely
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FIG. 1. Nuclear masquerade of 2-flavor quark matter. The
mass-radius relation of the nuclear EoS (black) can be nearly
reproduced assuming a phase transition to 2f-quark matter
of either Maxwell-type (red; Kv = 7 × 10−6 MeV−2, Beff =
70 MeV fm−3) or Gibbs-type (blue; Kv = 9 × 10−6 MeV−2,
Beff = 70 MeV fm
−3). Visible variations occur only around
masses of two solar masses and more.
hard to identify a clear signal for a possible phase transi-
tion from the behavior of these curves. Keeping in mind
that these three curves have been obtained under very
different assumptions this might be the most disturbing
result of our analysis: There is no guarantee, that any
seemingly smooth M -R or M -C data and even smooth
derivatives of the latter necessarily imply a purely nu-
clear composition of massive neutron stars. It has to be
6added, that a hybrid scenario as described here would
be a very unfortunate and maybe unlikely outcome. We
had to fine-tune parameters (but not unreasonably so) to
provide a transition smooth enough to leave that little of
an imprint in the M -C derivative.
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FIG. 2. Nuclear masquerade of 3-flavor quark matter. The
mass-radius relation of the nuclear EoS (black) can be nearly
reproduced assuming a phase transition to 3f-quark matter of
either Maxwell-type (red; Kv = 23.5 × 10−6 MeV−2, Beff =
78.5 MeV fm−3) or Gibbs-type (blue; Kv = 32×10−6 MeV−2,
Beff = 80 MeV fm
−3). Visible variations occur only around
masses of two solar masses and more. However, the compact-
ness derivative of the mass dM/dC reflects a sharp kink of
the Maxwell-type and smooth transition of the Gibbs-type
transition.
In Fig.2 we show an only slightly less pessimistic result,
this time for a transition from nuclear to three-flavor mat-
ter. To compensate for the softening of the quark matter
EoS due to the additional strange quark degree of free-
dom we increased the vector coupling significantly. The
M -R plot for the purely nuclear scenario seems quite dis-
tinct to the two hybrid models. However, the aim of this
study is not to perfectly mimic a given nuclear EoS but
to assess whether we can identify a phase transition from
a single M -R relation if that data were available. For
the Maxwell case the transition results in a perceptible
but tiny kink at about 1.9 Msun. For the Gibbs case this
kink is smoothed out (both top panel). Uncurling into a
mass-compactness plot (middle panel) seems to make it
harder to identify the phase transition region, but taking
the derivative (bottom panel) reveals a distinct discon-
tinuity in the Maxwell case and a dip in the otherwise
perfectly convex curve in the Gibbs case. In conclusion,
’weak’ phase transitions with only minor visible affect on
the M -R relation can leave a noticeable imprint on the
M -C derivative.
However useful it would be to answer the question
whether a phase transition is taking place, based on the
M -C derivative plot and even in cases where the M -R
relationship does not show apparent bends or kinks, this
is still not enough information to decide safely whether
the transition went into two- or three-flavor matter. Un-
fortunately, the modeling of the quark matter EoS is still
based on effective models, and that being the case, it lim-
its the inferences that can be drawn about phase transi-
tions in the density domain of neutron stars.
In Fig.3 we chose different parameterizations for the 2f-
and 3f-case, which result in similar M -R curves assum-
ing a Maxwell transition. For completeness, we provide
the result one would obtain with a Gibbs construction
(all upper panel). As before, we provide a M -C and a
M -C-derivative plot. Although there are visible differ-
ences, the generic behavior of 2f and 3f hybrid stars is
too similar to conclude safely from data which case has
been observed.
2f-3f Camouflage
In the previous subsection we dealt with the classical
masquerade problem, viz. M -R configurations which do
not clearly indicate a phase transition although it takes
place. We pointed out that this problem can be identified
for a transition into 2f or 3f quark matter. This possible
ambiguity of quark matter EoS with different flavor de-
grees of freedom we refer to as “flavor camouflage”. In
the following, we provide a few examples of cases where
one can conclude that a phase transition took place but
would not be able to identify the flavor content of the
hybrid star. This results from the possibility for a se-
quential transition from nuclear to 2f to 3f quark matter.
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FIG. 3. Flavor camouflage for Maxwell type transitions: al-
though different vBag parameterizations are introduced, the
transition to 2f quark matter (solid red; Kv=5×10−6 MeV−2,
Beff=70 MeV fm
−3) and 3f quark matter (solid blue; Kv=20×
10−6 MeV−2, Beff=78 MeV fm−3) behaves very similarly in
mass, radius, compactness and even compactness derivative
dM/dC. For completeness, the Gibbs type transition is also
plotted as dashed lines with identical color code.
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FIG. 4. Flavor camouflage for Gibbs type transitions: al-
though different vBag parameterizations are introduced, the
transition to 2f quark matter (solid red; Kv=5×10−6 MeV−2,
Beff=70 MeV fm
−3) and 3f quark matter (solid blue; Kv=22×
10−6 MeV−2, Beff=80 MeV fm−3) behave very similarly in
mass, radius, compactness and even the compactness deriva-
tive dM/dC. For completeness, the Gibbs type transition is
also plotted as dashed lines with identical color code.
8Uncertainties about the nature of the QCD phase tran-
sition can add more difficulties. If the phase transition
is of Maxwell type, it is accompanied by a typical kink
in the mass radius relationship. This kink might be sub-
tle in extreme masquerade situations but it is a general
feature. For Gibbs type transitions, viz. assuming co-
existing nuclear and quark matter phases, the kink is
smoothed out.
The same approach is followed in obtaining the results
show in Fig.4, this time assuming a Gibbs type phase
transition. As before, all resulting curves for 2f and 3f
matter are too similar to safely reject one of the scenarios
in favor of the other.
Nuclear Masquerade or Flavor Camouflage?
In the previous cases we did not assume a sequential
appearance of quark flavors. Doing so now admits fur-
ther possibility for ambiguities which we now illustrate.
A general feature of M -R curves of purely nuclear EoS
is a smooth approach to the maximum mass with de-
creasing radius. A possible outcome of phase transition
into quark matter is that the resulting hybrid stars are
unstable with masses below the maximum mass in the
pure nuclear phase; the M -R curve would end ’suddenly’
before reaching a maximum as described. Although one
could not observe an unstable hybrid star, the apparent
’cut’ of the M -R curve would serve as an indicator that
the phase transition is happening. However, in accor-
dance with the cases we discussed previously, one cannot
safely conclude whether the transition went into 2f or 3f
quark matter. This is illustrated in the top panel of Fig.5.
Sequential chiral symmetry restoration, viz. the appear-
ance of the strange quark at higher density than for the
up and down quarks adds further subtlety. We discussed
earlier that for a sequential transition the appearance of
the strange quark will always result in a Maxwell type
appearance (due to the sudden increase of the energy
density at a given pressure), independent of which con-
struction scheme one chooses to model the phase transi-
tion. In the bottom panel of Fig.5 we show a scenario
which would provide similar data to the top panel case
with a cut of the M -R relationship before approaching a
’smooth’ maximum. However, in this scenario we chose
to perform a Gibbs transition resulting in 2f masquerade
already at masses well below the maximum mass. The
transition from 2f to 3f quark matter results in unstable
hybrid configurations and therefore in a cut of the M -
R plot before approaching a ’smooth’ maximum. Start-
ing from very different assumptions for the top (Maxwell
transition from stable nuclear to unstable 2f or 3f quark
matter) and bottom panel (Gibbs transition from stable
nuclear to stable 2f mixed to unstable 3f mixed matter)
we ended with M -R relationships which seem indistin-
guishable even if high precision M -R data were available.
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FIG. 5. A transition from nuclear to quark matter can re-
sult in unstable hybrid configurations, their onset marked by
a sudden cut of the M -R relation (top panel; 2 flavor quark
matter (red) with Kv=1× 10−6 MeV−2, Beff=140 MeV fm−3
and 3 flavor quark matter (blue) with Kv=1 × 10−6 MeV−2,
Beff=320 MeV fm
−3). A similar behavior can be observed for
a sequential transition from a pure neutron star to a sta-
ble 2 flavor hybrid to an unstable 3 flavor hybrid (bottom
panel; 2 flavor quark matter (red) with Kv=9× 10−6MeV−2,
Beff=70 MeV fm
−3 and 3 flavor quark matter (blue) with
Kv=9× 10−6MeV−2, Beff=270 MeV fm−3).
V. CONCLUSIONS
The transition from nuclear to quark matter is not well
understood and the lack of reliable first principle calcu-
lations currently leaves us with only one option : to ef-
fectively model both independent equations of state and
the nature of the phase transition with the hope of bench-
marking to available data and sort through the resulting
parameter space to constrain and pursue further a few
promising models. One of the key constraints, accord-
ing to general opinion, is to come from measurements of
neutron star radius with unprecedented precision in the
9very near future, narrowing the model space for the M -
R relationship. In this paper we have illustrated that
our dependence on effective models unfortunately leaves
us with a significant amount of ambiguity which might
not be resolved even with high precision M-R data, at
least if one is interested in phase transitions and the
composition of dense matter deep inside the star. We
have shown a selection of possibilities to explain different
families of M -R relationships with neutron stars of very
different internal structure. In particular, strange quark
matter might camouflage as two-flavor quark matter. Al-
though this might not be a very optimistic perspective,
we consider it as motivation to continue to increase our
efforts at identifying complementary observational signa-
tures for phase transitions in compact stars and to build
on these to further develop and better constrain quark
matter models. We applied vBag as an effective quark
matter model which combines certain advantages of two
standard approaches, the thermodynamic bag model and
NJL-type models. It should be emphasized that we fully
exploited the parametric freedom vBag provides as an
effective model. Although more sophisticated models
might not agree quantitatively with all the scenarios we
discussed, we stress that the transition domain inside a
neutron star is poorly understood and essentially uncon-
strained from a first principles perspective, so that any
theoretical results should be interpreted and applied with
caution. That being the case, we prefer vBag’s flexibil-
ity to account for neutron star data in different ways to
perform a critical assessment of what we could possibly
learn from neutron star M -R data.
Acknowledgments.—W. W. is supported by the
Natural Science Foundation of China under Grant
No.11547021 and China Scholarship Council. P.J. is sup-
ported by the U.S. NSF Grant No. PHY 1608959. We ac-
knowledge helpful discussions with Fridolin Weber, Marc
Salinas and Megan Barry.
∗ weiwei1981@mail.hzau.edu.cn
† thomas.klaehn@csulb.edu
[1] D. Blaschke and N. Chamel. Phases of dense matter in
compact stars. 2018.
[2] Tomoki Endo. Appearance of a quark matter phase in
hybrid stars. J. Phys. Conf. Ser., 509:012075, 2014.
[3] M. Buballa. Phase diagram of quark matter under com-
pact star conditions. AIP Conf. Proc., 892:476–478, 2007.
[,476(2007)].
[4] B.P. Abbott et al. GW170817: Observation of Gravita-
tional Waves from a Binary Neutron Star Inspiral. Phys.
Rev. Lett., 119(16):161101, 2017.
[5] David Radice, Albino Perego, Francesco Zappa, and Se-
bastiano Bernuzzi. GW170817: Joint Constraint on the
Neutron Star Equation of State from Multimessenger Ob-
servations. Astrophys. J., 852(2):L29, 2018.
[6] Magdalena Sieniawska, Wadysaw Turczaski, Micha Be-
jger, and Julian Leszek Zdunik. Tidal deformability
and other global parameters of compact stars with phase
transitions. 2018.
[7] B. P. Abbott et al. GW170817: Measurements of neutron
star radii and equation of state. 2018.
[8] Soumi De, Daniel Finstad, James M. Lattimer, Dun-
can A. Brown, Edo Berger, and Christopher M. Biwer.
Tidal Deformabilities and Radii of Neutron Stars from
the Observation of GW170817. 2018.
[9] Katerina Chatziioannou, Carl-Johan Haster, and Aaron
Zimmerman. Measuring the neutron star tidal deforma-
bility with equation-of-state-independent relations and
gravitational waves. Phys. Rev., D97(10):104036, 2018.
[10] Tuhin Malik, N. Alam, M. Fortin, C. Providncia, B. K.
Agrawal, T. K. Jha, Bharat Kumar, and S. K. Patra.
GW170817: constraining the nuclear matter equation of
state from the neutron star tidal deformability. 2018.
[11] I. Tews, J. Margueron, and S. Reddy. How well does
GW170817 constrain the equation of state of dense mat-
ter? 2018.
[12] Zhen-Yu Zhu, En-Ping Zhou, and Ang Li. Neutron
Star Equation of State from the Quark Level in Light
of GW170817. Astrophys. J., 862(2):98, 2018.
[13] Jan-Erik Christian, Andreas Zacchi, and Jrgen Schaffner-
Bielich. Signals in the tidal deformability for phase
transitions in compact stars with constraints from
GW170817. 2018.
[14] Vasileios Paschalidis, Kent Yagi, David Alvarez-Castillo,
David B. Blaschke, and Armen Sedrakian. Implications
from GW170817 and I-Love-Q relations for relativistic
hybrid stars. Phys. Rev., D97(8):084038, 2018.
[15] Rana Nandi and Prasanta Char. Hybrid stars in the light
of GW170817. Astrophys. J., 857(1):12, 2018.
[16] Mark Alford, Matt Braby, M. W. Paris, and Sanjay
Reddy. Hybrid stars that masquerade as neutron stars.
Astrophys. J., 629:969–978, 2005.
[17] Stefan B. Ru¨ster, Verena Werth, Michael Buballa, Igor A.
Shovkovy, and Dirk H. Rischke. Phase diagram of neutral
quark matter: Self-consistent treatment of quark masses.
Phys. Rev. D, 72:034004, Aug 2005.
[18] D. Blaschke, F. Sandin, T. Kla¨hn, and J. Berdermann.
Sequential deconfinement of quark flavors in neutron
stars. Phys. Rev. C, 80:065807, Dec 2009.
[19] Mark G. Alford and Armen Sedrakian. Compact stars
with sequential QCD phase transitions. Phys. Rev. Lett.,
119(16):161104, 2017.
[20] Mark G. Alford, Sophia Han, and Madappa Prakash.
Generic conditions for stable hybrid stars. Phys. Rev.,
D88(8):083013, 2013.
[21] Ignacio F. Ranea-Sandoval, Sophia Han, Milva G.
Orsaria, Gustavo A. Contrera, Fridolin Weber, and
Mark G. Alford. Constant-sound-speed parametrization
for NambuJona-Lasinio models of quark matter in hybrid
stars. Phys. Rev., C93(4):045812, 2016.
[22] Thomas Klahn and Tobias Fischer. Vector interaction
enhanced bag model for astrophysical applications. As-
trophys. J., 810(2):134, 2015.
[23] Andreas Bauswein, Oliver Just, Hans-Thomas Janka,
and Nikolaos Stergioulas. Neutron-star radius constraints
from gw170817 and future detections. The Astrophysical
Journal Letters, 850(2):L34, 2017.
[24] A. Ayriyan, D.E. Alvarez-Castillo, D. Blaschke, and
H. Grigorian. Mass-radius constraints for the neutron
star eos - bayesian analysis. Journal of Physics: Confer-
10
ence Series, 668(1):012038, 2016.
[25] M. Prakash, T. L. Ainsworth, and J. M. Lattimer. Equa-
tion of state and the maximum mass of neutron stars.
Phys. Rev. Lett., 61:2518–2521, Nov 1988.
[26] Madappa Prakash, Ignazio Bombaci, Manju Prakash,
Paul J. Ellis, James M. Lattimer, and Roland Knorren.
Composition and structure of protoneutron stars. Phys.
Rep., 280:1–77, Feb 1996.
[27] David Blaschke, Jens Berdermann, and Rafal Las-
towiecki. Hybrid neutron stars based on a modified PNJL
model. Prog. Theor. Phys. Suppl., 186:81–86, 2010.
[28] G. A. Contrera, A. G. Grunfeld, and D. B. Blaschke.
Phase diagrams in nonlocal Polyakov-Nambu-Jona-
Lasinio models constrained by lattice QCD results. Phys.
Part. Nucl. Lett., 11:342–351, 2014.
[29] Edward Farhi and R. L. Jaffe. Strange Matter. Phys.
Rev., D30:2379, 1984.
